In the developing vertebrate nervous system the survival of sensory neurons becomes dependent on neurotrophic factors when their axons reach their target fields, and the synthesis of nerve growth factor (NGF) by target field cells commences with the arrival of the earliest axons. The timing of NGF synthesis and the onset of neurotrophic factor dependence are not, however, reliant on innervation. NGF synthesis occurs on time in developing target fields in which innervation is prevented, and sensory neurons cultured before innervating their targets become dependent on neurotrophic factors for sur vival after a certain length of time in culture. The length of time neurons survive in culture before becoming neurotrophic factor-dependent is related to the time they would normally contact their targets in vivo: populations of neurons that have nearby targets which are innervated early respond to neurotrophic factors before neurons that have more distant targets which are innervated later. The timing of target field innervation is governed not only by the distance axons have to grow but by the rate at which they grow. Axonal growth rate is also regu lated in accordance with target distance: neurons with distant targets extend axons faster than neur ons with nearby targets. In addition to reviewing evidence for separate developmental programs that control the timing of neurotrophic factor synthesis in the target field and the onset of neurotrophic factor dependence in early sensory neurons, we will con sider the mechanisms that might play a role in regulating the survival of neurons during the phase of neurotrophic factor independence.
Introduction
A substantial number of neurons die in the developing vertebrate nervous system shortly after they start inner vating their target fields. This matches the number of neurons to the requirements of their target fields and eliminates inappropriately connected neurons (Oppen heim, 1981; Cowen et al. 1984) . Target fields play an important role in regulating the number of neurons that survive by producing limited quantities of neurotrophic factors which the neurons require for survival. Neurons that procure an adequate supply of neurotrophic factor survive whereas those that are unsuccessful in this competition die. Evidence for this scheme has mainly come from work on nerve growth factor (NGF), the first neurotrophic factor to be identified and characterised (Levi-Montalcini and Angeletti, 1968; Thoenen and Barde, 1980; Davies, 1988a, 19886; Barde, 1989) . The most compelling evidence is that developing neurons whose survival is promoted by NGF in vitro, namely sympathetic and certain kinds of sensory neurons, are also dependent on NGF in vivo. Anti-NGF antibodies eliminate these neurons whereas exogenous NGF rescues neurons that would otherwise die. The target fields of NGF-dependent neurons contain trace quantities of NGF in proportion to their innervation density and specific cell-surface recep tors mediate NGF uptake and transport to the perikaryon. Likewise, in vivo manipulation of the availability of the homologous neurotrophic factor, brain-derived neuro trophic factor (BDNF) (Leibrock et al. 1989) , also influ ences the number of BDNF-dependent neurons that survive (Hoffer and Barde, 1988; Kalcheim et al. 1987) . In vitro studies of neurotrophin-3 (NT-3), the most recently identified member of the NGF/BDNF family, have shown that like NGF and BDNF it too promotes the survival of certain kinds of neurons during the stage they are innervating their targets (Hohn et al. 1990; Maisonpierre et al. 1990) .
Work on several developing neuronal systems has shown that neurotrophic factor synthesis and neuronal dependence are closely coordinated with target field innervation. In this review, we will consider these temporal aspects of trophic interactions in the developing vertebrate nervous system and discuss the possible mechanisms that coordinate these events.
Timing of neurotrophic factor synthesis
The most detailed information on the timing of neuro trophic factor synthesis in the target fields of sensory neurons in relation to their innervation has come from studies of NGF and NGF mRNA levels in the maxillary territory of the trigeminal ganglion in the mouse embryo (Davies et al. 1987) . This clearly defined cutaneous target field, whose time-course of innervation has been precisely documented (Davies and Lumsden, 1984) , can easily be dissected from the embryo at stages prior to and throughout the phase of innervation. Neither NGF nor NGF mRNA are detectable prior to the onset of inner vation but are first detected as the earliest trigeminal axons come into proximity with the target field epithelium at E ll. Although this conclusion has recently been drawn into question by the claim of Stainier and Gilbert (1990) that the first trigeminal axons reach the maxillary epithelium earlier than E ll, this claim is not substan tiated by the reported findings of these authors. The section of an E10.5 maxillary process purporting to illustrate axons reaching the maxillary epithelium shows the most distal axons still deep within the mesenchyme.
The conclusion that NGF synthesis commences with the onset of target field innervation in the peripheral nervous system has also been reached in a developmental study of NGF levels in the heart ventricle and submandibular gland of the mouse embryo (Korsching and Thoenen, 1988) . NGF is first detectable in these tissues around the time of initial innervation by sympathetic neurons.
Although NGF synthesis begins with the arrival of axons in the target field, the timing of NGF gene expression does not depend on innervation. When the innervation of chicken embryo hindlimb buds is prevented by ablation of the corresponding neural primordia, NGF mRNA expression still occurs on schedule (Rohrer et al. 1988) . The mechanism that controls the onset of NGF gene expression in developing target fields independently of their innervation is an enigma.
The level of neurotrophic factor synthesis in the target field is another important feature that has a bearing on the trophic interactions between neurons and their targets because it influences the number of neurons that the target field can support. Work on the embyonic mouse trigeminal system has revealed that at the onset of neuronal death there are marked differences in the level of NGF mRNA in the cutaneous epithelia of the ophthalmic, mandibular and maxillary territories that are correlated with innervation density (Harper and Davies, 1990 ). Since regional differences in innervation density are evident in the trigeminal system prior to the onset of neuronal death (Davies and Lumsden, 1984) , it is possible that the level of NGF gene expression in each territory is controlled by the number of arriving axons. Several observations, however, suggest that this is unlikely. First, the levels of NGF mRNA are identical in normally innervated chicken embryo hindlimb buds and in those in which innervation is prevented (Rohrer et al. 1988) . Second, when twice the number of sensory axons are forced to innervate a single hind limb in juvenile Xenopus frogs, the total number of surviving neurons supported by this limb is not signifi cantly greater than the number it normally supports (Lamb et al. 1989) . Thus, it seems that initial regional differences in innervation density and regional differences in the level of NGF mRNA, though correlated, are independently regulated.
Studies of NT-3 gene expression in development suggest that the conclusions based on the timing of NGF synthesis may not be universally applicable to other neurotrophic factors. The level of NT-3 mRNA is high relative to BDNF mRNA and NGF mRNA in the spinal cord, cerebellum and hippocampus during the earlier stages of their develop ment (Maisonpierre et al. 1990 ). The temporal relationship between NT-3 mRNA expression and the innervation of defined target regions within these structures has yet to be determined. Preliminary studies of NT-3 mRNA ex pression in the embryonic mouse trigeminal system, however, suggest that NT-3 mRNA is present in the peripheral target field at least a day before the arrival of the first nerve fibres (Harper and Davies, unpublished data) . Unlike NGF, which is expressed mainly in the epithelium of cutaneous targets (Davies et al. 1987) , NT-3 is expressed predominantly in mesenchyme (Harper and Davies, unpublished data). Thus, early sensory axons may be exposed to NT-3 as they are growing to the periphery. The significance of this may be related to the influence of NT-3 on the maturation of sensory neurons before they become dependent on neurotrophic factors for survival (Wright et al. 1991) .
Timing and regulation of neurotrophic factor dependence
The survival of sensory neurons placed in culture before they have innervated their targets is initially independent of NGF, BDNF and NT-3 (Davies and Lumsden, 1984; Davies, 1989; Vogel and Davies, 1991) . Likewise, the survival of sensory neurons that differentiate from progenitors in culture (Ernsburger and Rohrer, 1988 ) is also initially independent of neurotrophic factors. In a developmental study of the influence of NGF on embryonic mouse trigeminal neurons cultured at closely staged intervals throughout development (Davies and Lumsden, 1984), it was concluded that the onset of NGF responsive ness coincides with the arrival of their axons in the target field. In vitro studies of developing avian retinal ganglion cells have likewise shown that these neurons become dependent on BDNF for survival at the stage their axons reach their targets (Rodriguez-Tebar et al. 1989) .
The mechanisms that time the onset of neurotrophic factor dependence in developing sensory neurons with the arrival of their axons in the target field have recently been addressed in studies of four populations of placode-derived cranial sensory neurons whose axons have different distances to grow to reach their peripheral and central target fields (vestibular<geniculate<petrosal<nodose). These studies have shown that the neurons control three aspects of their development that influence the timing of target field innervation and the timing of neurotrophic factor dependence: the rate at which their axons grow to their targets, the duration of neurotrophic factor-indepen dent survival and the onset of neurotrophic dependence. The rate at which the axons of cranial sensory neurons grow to their targets in vivo is related to the distance they have to grow; neurons with more distant targets grow faster (Davies, 1989) . The finding that similar differences in neurite growth rate are observed in single cell cultures of these neurons set up at the same stage of development suggests that growth rate is an intrinsically regulated property of these neurons. Although neurons with more distant targets have faster axonal growth rates, their axons still take longer to reach their targets than neurons with slower axonal growth rates and nearby targets (Vogel and Davies, 1991) . It is perhaps not surprising then that the duration of neurotrophic factor-independent survival and the timing of BDNF-responsiveness in early cultures of these neurons are also related to target distance: neurons with more distant targets survive longer before responding to BDNF with enhanced survival (Vogel and Davies, 1991) . These differences in the duration of neurotrophic factor independence are also observed in neurons in dissociated cultures of the otic vesicle and epibranchial placode III set up during the stage when cells are migrating from these structures to form the neurons of the vestibular and nodose ganglia, respectively. These findings suggest that the duration of neurotrophic factor independence is matched to the time-course of target field innervation by a developmental program in neurons initiated prior to gangliogenesis.
The timing of neurotrophic factor dependence in vivo may not be governed solely by the developmental program in early neurons, however, as it has been shown that the onset of BDNF-responsiveness in early nodose neurons is accelerated by transiently exposing them to BDNF within 24 h of the time they normally start responding to BDNF with increased survival (Vogel and Davies, 1991) . This raises the possibility that the target field, by its provision of the requisite neurotrophic factor, may also play a role in coordinating the onset of trophic factor dependence with target field innervation. In other words, the developmen tal program in early neurons may get the timing of dependence approximately correct and the target field provide the final fine adjustment. The need for two separate mechanisms for coordinating neurotrophic factor dependence with target field inner vation is unclear. It is likely, however, that an autonomous developmental program in neurons that initiates neuro trophic factor dependence independently of target field innervation may have an error correction function. Neurons whose axons fail to grow to their correct targets, and are thereby not exposed to the appropriate neuro trophic factor at the right time, will be eliminated.
Although early sensory neurons can become dependent on neurotrophic factors for survival at the appropriate time independently of target contact and exposure to neurotrophic factor, early sympathetic neurons do not acquire neurotrophic factor dependence in culture (Leah and Kidson, 1983; Emsberger et al. 1989) . These early neurons do, however, become dependent on NGF for survival after treatment with retinoic acid (RodriguezT6bar and Rohrer, 1991). Whether or not retinoic acid influences the timing of neurotrophic factor dependence in early sensory neurons has yet to be investigated in detail.
Neurotrophic factor receptor expression and its relationship to dependence

Neurotrophic factor receptors
Binding studies using iodinated NGF or BDNF have revealed two kinds of receptors for each factor: low-affinity receptors that have a dissociation constant of 10~9m and high-affinity receptors that have a dissociation constant of 10-11 m (Sutter et al. 1979; Rodriguez-Tebar and Barde, 1988) . A cDNA encoding a transmembrane glycoprotein of relative molecular mass 75000 (gp75NGFR) which binds NGF with low-affinity has been cloned (Johnson et al. 1986; Radeke et al. 1987) . Competition binding studies and gene transfection experiments have shown that gp75NGFR is also a low-affinity receptor for BDNF (Rodriguez-Tebar et al. 1990) . In contrast, a 1000-fold excess of either NGF or BDNF is required to reduce binding of the heterologous ligand to its high-affinity receptor, indicating that highaffinity receptors are specific (Rodriguez-Tebar et al. 1990) . The finding that the survival-promoting effects of NGF and BDNF are observed at concentrations which result in preferential occupancy of their respective high-affinity receptors (Greene, 1977; Rodriguez-Tebar and Barde, 1988) suggests that these receptors mediate the response of neurons to neurotrophic factors.
Recent work indicates that high-affinity receptors have a composite structure. The demonstration that both highand low-affinity NGF binding is restored to NGF receptordeficient PC 12 cells by the introduction of a recombinant retrovirus containing the gp75NGFR cDNA suggests that the common low-affinity neurotrophic factor receptor is a component of the high-affinity NGF receptor (Hempstead et al. 1989) . Membrane fusion and gene transfection experiments have demonstrated that the other component of the high-affinity NGF receptor is the proto-oncogene trk (Hempstead et al. 1991) . This is a transmembrane glycoprotein with an intracellular tyrosine kinase cata lytic domain (Martin-Zanca et al. 1989) . The demon stration that the addition of NGF to neural cell lines and dorsal root ganglia elicits rapid phosphorylation of trk and stimulates its tyrosine kinase activity suggests that trk plays an important role in NGF signal transduction (Kaplan et al. 1991a, 19916; Klein et al. 1991 ). An homologous tyrosine kinase, trkB which is expressed predominantly in neural tissues (Klein et al. 1989 (Klein et al. , 1990a , has also recently been shown to be a receptor for BDNF and NT-3 and to be rapidly phosphorylated on tyrosine residues when exposed to these neurotrophic factors (Soppet et al. 1991) .
Timing of neurotrophic factor receptor expression
The relationship between the onset of NGF dependence and the expression of NGF receptors has been studied using autoradiography to localize specific binding of iodinated NGF to embryonic mouse trigeminal ganglion neurons in vitro (Davies et al. 1987) . When cultured before innervating their targets, trigeminal neurons were un labelled by iodinated NGF. Labelled neurons were first observed in cultures set up at the time when the earliest neurons start innervating their targets, and in later cultures the proportion of labelled neurons increased to reach a maximum when the last axons reach their targets. Although this finding suggests that appreciable levels of NGF receptors are first expressed on developing sensory neurons when their axons reach their targets, autoradi ography fails to detect very low levels of NGF receptors and cannot adequately distinguish between low-and highaffinity receptors.
In a study of developmental changes in the level of gp75NGFR mRNA in the trigeminal ganglion (Wyatt et al. 1990 ), a low level of expression was detected from the earliest stages of axonal outgrowth, prior to the onset of target field innervation. From a knowledge of the change in the number of neurons in the trigeminal ganglion during development and the demonstration that gp75 FR mRNA expression is restricted to neurons in the ganglion, it has been possible to calculate the mean level of gp75NGFR mRNA per neuron throughout development. When trigeminal axons are growing to their targets there is a low constant level of gp75NG mRNA of about 30 molecules per neuron. Shortly after the first axons reach the target the mean level of gp75NGFR mRNA per neuron increases five-fold to reach a second plateau shortly after the last axons have reached their targets. These findings are consistent with the labelling of trigeminal neurons by iodinated NGF in relation to target field innervation and additionally suggest that low levels of at least the common low-affinity neurotrophic factor receptor are expressed on developing sensory neurons before their axons have reached their targets. This is further supported by the detection of gp75 FR mRNA by in situ hybridization in embryonic chick DRG during the earliest stages of axonal outgrowth (Heuer et al. 1990) . Indeed, the detection of gp75NGFR mRNA in premigratory neural crest by in situ hybridization suggests that at least some neural crest cells may also express the common low-affinity neurotrophic factor receptor (Heuer et al. 1990) .
The functional significance of neurotrophic factor recep tor expression prior to the onset of target field innervation has recently been demonstrated by blocking the synthesis of the common low-affinity receptor in early, neurotrophic factor independent DRG neurons using antisense oligo nucleotides that hybridize in the region of the translation initiation codon of gp75NGFR mRNA (Wright et al. 1991) . Neurons in cultures treated with these antisense oligonuc leotides fail to undergo an early maturational change from having small, spindle-shaped, phase-dark cell bodies to having large, spherical, phase-bright cell bodies. This maturational change is accelerated by treating the early neurons with either BDNF or NT-3 but not NGF. Whether or not trkB is also expressed in immature, neurotrophic factor independent sensory neurons has yet to be ascer tained.
The low level of neurotrophic factor receptors on early sensory neurons may also play a role in coordinating the onset of neurotrophic factor dependence with the arrival of axons in the target field. As mentioned above, transient exposure of early nodose ganglion neurons to BDNF in vitro accelerates the acquisition of BDNF-dependence. Thus, it is possible that binding of neurotrophic factor to receptors may lead to an increase in receptor expression and the onset of neurotrophic factor dependence. Although this has not yet been tested experimentally in early sensory neurons, it has been shown that NGF treatment increases the level of gp75NGFR mRNA in PC12 cells and adult DRG neurons (Landreth and Shooter, 1980; Doherty et al. 1988; Verge et al. 1989; Lindsay et al. 1989 ). In early, neurotrophic factor independent sympathetic neurons, retinoic acid has been shown to induce the expression of high-affinity NGF receptors and concomitantly bring about the dependence of these neurons on NGF (Rodriguez-Tebar and Rohrer, 1991). Whether or not retinoic acid has any effect on neurotrophic factor receptor expression in early sensory neurons has yet to be investigated.
During and beyond the stage of target field innervation there are marked developmental changes in the levels of gp75NGFR mRNA and NGF receptors in sensory ganglia. The interpretation of such changes is complicated by the expression of low-affinity NGF receptors on Schwann cells at these later stages (Yan and Johnson, 1987; Scarpini et al. 1988) . Studies on dissociated DRG cell suspensions (containing both neurons and non-neuronal cells) have revealed that between E14 and E16 in chick embryos there is a four-to six-fold decrease in capacity of the cells to bind iodinated NGF specifically (Herrup and Shooter, 1975) . Likewise, the intensity with which chick DRG and neural crest-derived cranial sensory ganglia are labelled with iodinated NGF in tissue sections also decreases over this same period of development (Raivich et al. 1985 (Raivich et al. ,1987 . The level of gp75NGFR mRNA is also markedly lower in 3 month rat DRG than at birth (Buch et al. 1987) and immunoprecipitation studies have shown that the level of gp75NG per milligram protein is also appreciably lower in adult rat DRG than in late fetal DRG (Yan and Johnson, 1987) . The finding that the proportion of embryonic chick DRG neurons specifically labelled by iodinated NGF is lower in E16 cultures compared with E10 cultures and that the proportion of labelled neurons in E10 cultures decreases after several days (Rohrer and Barde, 1982) suggests that at least a proportion of sensory neurons lose NGF receptors during development. This apparent de crease in the level of NGF receptors on developing DRG neurons correlates with the reduction in the magnitude of neurite outgrowth elicited by NGF from DRG explants (Herrup and Shooter, 1975) .
Although several in vivo and in vitro studies suggest that the majority of adult DRG neurons are not dependent on NGF for survival (Levi-Montalcini and Angeletti, 1968; Johnson et al. 1980; Johnson and Yip, 1985; Lindsay, 1988) , a proportion of DRG neurons continue to express high-affinity NGF receptors (Verge et al. 1989) . In mature DRG neurons these receptors probably mediate the effects of NGF on neuropeptide synthesis (Lindsay and Harmer, 1989) .
Mechanisms regulating neuronal survival prior to neurotrophic factor dependence
The expression of gp75NGFR in sensory neurons before their axons have reached their targets (Wyatt et al. 1990) and the demonstration that these receptors are involved in the maturation of neurons during this early stage of their development (Wright et al. 1991) raise the possibility that neuronal survival during this stage is also dependent on neurotrophic factors, produced perhaps by neurons them selves or by other cells in their vicinity. It is unlikely that members of the NGF family are involved, however, because antisense oligonucleotides that inhibit the syn thesis of gp75NGFE and prevent the maturation of early sensory neurons do not accelerate the rate at which these neurons die compared with neurons in control cultures treated with sense oligonucleotides (Wright et al. 1991) .
The demonstration that moderate elevation in the cytosolic free-calcium ion concentration promotes the survival of neurotrophic factor dependent neurons (Koike et al. 1989; Collins and Lile, 1989; Koike and Tanaka, 1991) and that neurotrophic factors seem to promote neuronal survival without affecting intracellular calcium (Koike et al. 1989; Tolkovsky et al. 1990 ) has raised the possibility that processes that elevate the cytosolic freeCa2+ level may promote the survival of neurons before they become dependent on neurotrophic factors for survival and that the acquisition of dependence may might be associated with a fall in the level of cytosolic calcium.
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